Adhesion of leukocytes to the luminal surface of vascular endothelium is the first step for their extravasation, which is essential for immune surveillance and inflammatory reactions ([@B1], [@B2]). The adhesion process is thought to be a multistep process. Initially, leukocytes roll along endothelium by selectin-mediated interactions. The leukocyte integrins are activated during this contact with the endothelial surface, which facilitates tight adhesion and spreading of the leukocytes to the endothelial cell (EC)^1^ surface. The second step is transmigration of the adherent leukocytes across the vessel wall. In general, this step consists of leukocyte diapedesis and penetration of the subendothelial basement membrane; the former involves locomotion of the adherent cells to and then through nearby endothelial cell-to-cell junctions.

Little is known about the mechanisms of the transmigration process. However, it is becoming evident that leukocyte--EC interactions at the junctional level play an important role in the process ([@B3]--[@B6]). A candidate for supporting these interactions is CD31--platelet--endothelial cell adhesion molecule-1 (PECAM-1), which is an immunoglobulin superfamily expressed by platelets and leukocytes and localized at the EC junctions ([@B7], [@B8]). Several in vitro and in vivo studies suggest that homophilic PECAM-1--CD31 adhesion between leukocytes and ECs mediates the transmigration process of leukocytes, including neutrophils, monocytes, and NK cells ([@B9]--[@B14]). Although the contribution of CD31 to T cell transmigration is controversial ([@B4], [@B15]), it has been demonstrated that naive type T cells (CD45RA^+^) migrate through CD31--PECAM-1--transfected murine fibroblast monolayers ([@B8]).

With an in vitro system using human umbilical vein EC (HUVEC) monolayers, we and other investigators have shown that memory type T cells (CD45RO^+^) expressing high CD26 (CD26^hi^) predominantly migrate through HUVEC monolayers without a chemokine gradient ([@B16]--[@B18]). In contrast, although CD26-negative (CD26^−^) T cells also adhere to the monolayers, most of them do not transmigrate. This finding indicates that there are mechanisms other than CD31--PECAM-1--mediated transmigration that promote transmigration of adherent CD26^hi^ T cells but not CD26^−^ cells. Transmigration is directional movement of leukocytes from the apical surface of ECs to the subendothelial space. It is therefore assumed that molecules involved in transmigration mechanisms selectively stimulate cell motility of CD26^hi^ T cells. Here we report that a mAb, anti-4C8, inhibits transmigration of CD26^hi^ T cells subsequent to their adhesion to HUVEC monolayers and induces cell movement similar to chemokinesis as well as an increase in filamentous (F-) actin content in CD26^hi^ cells. This is the first report suggesting that the 4C8 antigen is involved in the process of postadhesive transendothelial migration of CD26^hi^ T cells.

Materials and Methods
=====================

Reagents.
---------

Type I collagen solution extracted from porcine skin (Cellmatrix I-A) was purchased from Nitta Gelatin Co. EC growth supplement (ECGS) and porcine heparin were purchased from Collaborative Research and Nakarai Chemical Co., respectively. Recombinant human IFN-γ was provided by Shionogi Pharmaceutical Co. Monocyte chemoattractant protein-1 (MCP-1) was provided by T. Kasahara (Kyoritsu College of Pharmacy, Tokyo, Japan; 19). Rhodamine-conjugated anti-CD26 mAb and phycoerythrin-Cy5--conjugated anti-CD3 mAb were obtained from Coulter Corporation. Anti-CD11a mAb and purified mouse IgG3 were obtained from Becton Dickinson and Zymed Laboratories, Inc., respectively. FCS was purchased from Cell Culture Laboratories. BSA, Hepes buffer, gelatin, diisopropyl fluorophosphate (DFP), papain, L-cysteine, and collagenase (type 1-A) were obtained from Sigma Chemical Co. Pertussis toxin (PT) and M199 were obtained from Seikagaku Corporation and GIBCO BRL, respectively.

Preparation of Cells.
---------------------

PBMCs were prepared from heparinized healthy human venous blood by Ficoll-Conray density gradient centrifugation as described previously ([@B16]). The T cell--enriched fraction was obtained by passing the mononuclear cells through a nylon wool column. CD3^+^ cells were negatively selected by inclusion of the fraction with magnetic anti-CD16 mAb (Advanced Magnetics, Inc.) The selected cells contained \>96% CD3^+^ cells, as determined by flow cytometry. Neutrophils were prepared by dextran sedimentation, centrifugation with Ficoll-Conray, and hypotonic lysis of contaminating erythrocytes ([@B20]). Neutrophil fractions contained \>95% neutrophils. Endothelial cells were obtained from human umbilical cord veins treated with 0.1% collagenase as described previously ([@B16]). Cells were grown on gelatin-precoated dishes in M199 containing 20% heat-inactivated FCS, 60 μg/ml ECGS, 100 μg/ml heparin, 1% penicillin and streptomycin solution, and 15 mM Hepes buffer. Culture medium was changed every 3 d. These experiments used cells in passages 2 and 3 only.

Production of Anti-4C8 mAb.
---------------------------

The anti-4C8 mAb was produced by standard techniques after immunization of BALB/c mice with PBMCs cocultured with HUVEC monolayers. In brief, after removal of nonadherent PBMCs from the cocultures, the cocultured adherent cells containing at least 10^7^ lymphocytes were intraperitoneally injected five times at 2--3 wk intervals. The final immunization was performed by intravenous injection of 7 × 10^6^ transmigrated T cells isolated by using an in vitro vessel model as previously described ([@B16]). 3 d later, the spleen was removed and cells were fused with NS-1 cell line. Hybridoma cultures producing antibodies that inhibited T cell migration across but not adhesion to HUVEC monolayers were selected, cloned, and recloned by limiting dilution methods in the presence of IL-6. Malignant ascites were then developed and further purified by an IgG purification kit (Pierce Chemical Co.). The anti-4C8 mAb was shown to be of the IgG3 subclass by an ELISA method for determining subclasses of mouse IgG. Fab fragments were produced by incubating purified IgG with 10 μg/ml papain, 5 mM L-cysteine, and 2 mM EDTA and then purified by passing over DEAE-cellulose. SDS-PAGE performed under nonreducing conditions proved that the fragments were properly cut and that no extraneous bands were present on Coomassie blue stain. Fluorescein-conjugated anti-4C8 mAb was prepared by using a fluorescein labeling kit (Sigma Chemical Co.).

Adhesion and Transmigration Assays.
-----------------------------------

For the adhesion and transmigration assays, we modified the original system that was described elsewhere ([@B16]). HUVEC monolayers were grown to confluence on collagen gels (50 μl/well) in 96-well flat bottom plates (Becton Dickinson), followed by treatment for 48 h with or without IFN-γ (500 U/ml) before assay. Freshly isolated CD3^+^ T cells suspended in M199--0.1% BSA were or were not pretreated with mAbs for 20 min on ice. The cells were added to the wells without washing (3 × 10^5^ cells/100 μl/well). The plate was centrifuged for 1 min at 50 *g* and incubated for 3--4 h at 37°C in a 5% CO~2~-humidified incubator. In the adhesion assay, unbound T cells were gently washed out, and then adherent cells were immediately fixed with 1% paraformaldehyde in PBS. The transmigration assay was performed simultaneously with the adhesion assay. To count migrated cells, adherent T cells and HUVECs were removed from the surface of collagen gels by 0.4% EDTA treatment. In some experiments, mAbs were added after unbound cells had been washed from the cultures. Adherent cells on the apical surfaces of HUVECs or cells that had transmigrated into the collagen gels were counted by phase--contrast microscopy in a blinded manner. The cells in a field of 0.25 mm^2^ were counted at a magnification of 100. Adhesion or migration index (%) was calculated as follows: the number of cells with antibody/the number of cells without antibody × 100. All experiments were performed in triplicate.

Release of Adherent and Transmigrated T Cells.
----------------------------------------------

After T cells (2 × 10^7^ cells) were cultured for 5 h with a confluent HUVEC monolayer on 2 ml of collagen gels (60 mm dish), adherent and transmigrated cells were collected as described ([@B16]). In brief, after unbound T cells were removed, T cells bound to HUVECs were incubated for 20 min with 0.4% EDTA. Almost all adherent T cells could be obtained by this treatment. The HUVEC monolayer was then removed from the surface of collagen gels by the EDTA treatment for another 30 min. The collagen gels containing transmigrated T cells were incubated with 0.05% collagenase in PBS for 3 min to release the cells. This collagenase treatment was repeated twice. No changes in the expression of surface proteins of T cells were found following the treatment.

Chemotaxis and Checkerboard Assays Using Collagen Gels.
-------------------------------------------------------

We modified a chemotaxis assay using collagen gels as described by others ([@B21]). Resting and activated T cells were prepared by culturing freshly isolated T cells for 2 d in RPMI 1640 containing 10% FCS and for 6 d on anti-CD3--coated dishes (0.4 μg/ml) in medium with 100 U/ml of IL-2, respectively. The cells were washed, resuspended in M199 plus 0.1% BSA, and added directly onto collagen gels (50 μl/well), with or without impregnated MCP-1 (100 ng/ml), in 96-multiwell plates (1--4 × 10^5^ cells/ well). After 1.5--2 h, unbound cells and cells attached on the surfaces of the gels were washed out with 0.4% EDTA in PBS. Cells that migrated into the gels were counted under a phase--contrast microscope at 200× as described above. In the checkerboard assay, mAbs were impregnated into collagen gels and/or added directly to freshly isolated T cells (4 × 10^5^ cells/well) above the gels at varying concentrations in 96-multiwell plates. T cells were incubated for 4 h under these conditions. In these experiments, to reduce spontaneous migration of T cells, the collagen gels were prepared with collagen solution at a concentration of 3 mg/ ml, which is three times higher than in the transmigration assays. Migrated cells in the gels were carefully counted and the migration index was calculated as described above. All experiments were performed in triplicate.

Flow Cytometric Analysis.
-------------------------

Cells were treated for 20 min with saturating amounts of fluorescein-conjugated mAb and washed three times with PBS containing 0.1% BSA and 0.01% sodium azide. The stained cells (10,000 cells) were analyzed on a FACScan^®^ flow cytometer (Becton Dickinson) with gating on the lymphocyte, monocyte, or neutrophil population. All staining procedures were performed at 4°C. Lysis II software (Becton Dickinson) was used to analyze the data obtained.

Western Blotting.
-----------------

PBMCs or neutrophils (10^7^ cells) were incubated for 30 min with intermittent agitation with or without DFP (1 mM ) on ice. The pellets of the cells were resuspended for 60 min in 100 μl of ice cold extraction buffer containing 50 mM Hepes (pH 7.4), 2 mM sodium orthovanadate, 100 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM PMSF, 100 μg/ml aprotinin, and 10 μg/ml leupeptin. Cells were treated for 30 min with 1 mM DFP on ice before cell lysis. After centrifugation, the supernatant was mixed 1:1 with 2× sample buffer (4% SDS, 20% glycerol, 10% mercaptoethanol, and a trace amount of bromophenol blue dye in 125 mM Tris-HCl, pH 6.8), heated at 100°C for 5 min, and loaded onto an 8% SDS--polyacrylamide gel. After electrophoresis, proteins were transferred onto a nitrocellulose membrane (Pierce Chemical Co.). Residual binding sites on the membrane were blocked by incubating the membrane in Tris-buffered saline (pH 7.6) containing 0.1% Tween-20 and 5% nonfat dry milk for 2 h at room temperature. The membranes were incubated with anti-4C8 mAb and then with biotin-conjugated anti--mouse IgG antibody. After incubation, enzymatic development was performed by using peroxidase-conjugated streptoavidin (GIBCO BRL) and the ECL system (Amersham).

Cell Morphology Assay and F-actin Staining.
-------------------------------------------

The anti-4C8-- induced changes in cell shape and F-actin formation were visualized by staining with TRITC-labeled phalloidin (Sigma Chemical Co.) as described previously by others ([@B22]). Glass slides (uncoated eight-well CultureSlide; Becton Dickinson) were coated with anti-4C8 mAb (10 μg/ml, 250 μl/well) or control IgG3 overnight. T cells (5 × 10^5^ cells/well in M199 with 0.1% BSA) were added to the slides and incubated for 2 h at 37°C. After incubation, attached cells were fixed with 3.7% paraformaldehyde, permeabilized with 0.1% Triton X-100/PBS, and stained for F-actin with TRITC-labeled phalloidin. Microscopic analysis was performed using an Olympus microscope equipped with fluorescence accessories and photographed with an ×100 oil immersion objective. In some experiments, T cells (5 × 10^5^ cells/500 μl of 0.1% BSA--M199/Eppendorf tube) were incubated for 3 h with anti-4C8 mAb or control IgG3 at 37°C. After fixation and permeabilization, the cells were double-stained with FITC-conjugated phalloidin and rhodamine-conjugated anti-CD26 mAb. The stained cells were then analyzed by a flow cytometer.

Scanning Electron Microscopy.
-----------------------------

The transmigration assay was performed in the presence of anti-4C8 (1 μg/ml) in 24-multiwell plastic plates (Falcon Labware). After a 5-h incubation, cultures were fixed overnight in 2% electron microscopy--grade glutaraldehyde and 5% sucrose in 0.1 M sodium cacodylate buffer (pH 7.4), followed by postfixation with 1% OsO~4~. The fixed cells and collagen gels were removed from the plate and processed for scanning electron microscopy by critical-point drying and gold coating.

Statistical Analysis.
---------------------

All values are represented as means ± SD. When comparing two groups, *P* values were calculated by Student\'s *t* test. *P* values \<0.05 were considered to indicate a significant difference.

Results
=======

Expression of the 4C8 Antigen on Human PBLs and HUVECs and Its Structure.
-------------------------------------------------------------------------

We first examined immunofluorescence profiles of 4C8 expression on PBLs and HUVECs by a flow cytometer. As shown in Fig. [1](#F1){ref-type="fig"}, the 4C8 antigen was expressed intensely on CD3^+^ T cells and to a lesser extent on CD3^−^ cells (largely CD16^+^ cells). Staining of the cells gated on the monocyte population was positive and two peaks were seen. In contrast, anti-4C8 did not react with neutrophils or unstimulated HUVECs. The negative expression of neutrophils was unaffected by stimulation with LPS or TNF-α (data not shown). Immunofluorescence microscopy also showed no significant staining of confluent monolayers of HUVECs (not shown). To address the molecular weight of the 4C8 antigen, Western blotting analysis was performed using lysates from PBMCs and neutrophils (Fig. [2](#F2){ref-type="fig"}). Anti-4C8 reacted with a single band of 80 kD in lysates from PBMCs but not neutrophils. It is possible that the 4C8 antigen was cleaved by numerous proteolytic enzymes released from neutrophils during the procedure of cell lysis. However, anti-4C8 did not react with the lysates in the presence of DFP, a serine protease inhibitor. There were no differences between blots from gels electrophoresed under reducing and nonreducing conditions (data not shown). In addition, immunoprecipitation failed to detect the 4C8 antigen by a standard method (not shown). This finding is consistent with fluorescence profiles of the 4C8 antigen on these cells and further suggests that the antigen is not present in the intracellular contents of neutrophils.

Anti-4C8 mAb Inhibits T Cell Transmigration Subsequent to LFA-1--mediated Adhesion to a HUVEC Monolayer.
--------------------------------------------------------------------------------------------------------

In our system, 20--30% of total added CD3^+^ T cells adhered to unstimulated HUVEC monolayers after 3--5 h of incubation, and 10--20% of the adherent cells transmigrated during this period ([@B16], [@B17]). IFN-γ augments the expression of intercellular adhesion molecule-1 (ICAM-1), the ligand for CD11a/CD18 (LFA-1 α/β), on HUVEC. Stimulation of HUVEC with IFN-γ increased T cell adhesion and transmigration to 1.5- and 3-fold the base line values, respectively (Fig. [3](#F3){ref-type="fig"}). We then assessed the changes in adhesion and transmigration in the presence of antibodies. Anti-CD11a mAb (10 μg/ml) inhibited T cell adhesion to and transmigration through unstimulated and IFN-γ--stimulated HUVEC monolayers by 50--60 and 80%, respectively. This indicates that T cell transmigration is largely dependent upon LFA-1--mediated adhesion to HUVECs. On the other hand, anti-4C8 mAb (1 μg/ml) did not inhibit T cell adhesion but rather induced a small increase in adhesion to IFN-γ--stimulated HUVEC monolayers (Fig. [3](#F3){ref-type="fig"} A). The small increase was in accord with the number of T cells that were retained on HUVECs by the transmigration-blocking effect of anti-4C8. However, transmigration was strikingly inhibited: 79 and 87% with unstimulated and IFN-γ--stimulated HUVEC monolayers, respectively (Fig. [3](#F3){ref-type="fig"} B). Control IgG3 (the same isotype as anti-4C8) showed neither inhibition of T cell adhesion nor transmigration. To determine even more directly whether anti-4C8 mAb acts subsequently to LFA-1--mediated adhesion, the antibody blocking study was performed following removal of unbound T cells 1 h after coculturing T cells and IFN-γ--stimulated HUVEC monolayers. As shown in Fig. [4](#F4){ref-type="fig"}, both anti-4C8 IgG (1 μg/ml) and Fab fragments (10 μg/ml), but not anti-CD11a or control IgG3, completely blocked subsequent migration of adherent T cells during a 5-h incubation. The blocking effect was not due to detachment of the adherent cells from the apical surfaces of HUVECs (data not shown). However, it is possible that the blockage is caused by a direct suppressive effect of anti-4C8 on cell motility. To examine this, we next performed chemotaxis assays using a three-dimensional collagen matrix (collagen gels), with or without impregnated MCP-1. Resting and anti-CD3--activated T cells were added to the gels and incubated for 1.5--2 h in the presence or absence of anti-4C8 at 1 μg/ml. Although spontaneous migration of both resting and activated T cells into the gels was enhanced two to three times by MCP-1, anti-4C8 had no effect on spontaneous or MCP-1--induced migration (Fig. [5](#F5){ref-type="fig"}). Taken together, the data suggest that anti-4C8 mAb inhibits postadhesive transmigration of T cells without affecting adhesion or suppressing cell motility.

Anti-4C8 mAb Inhibits T Cell Transmigration at the Intercellular Junctions of HUVECs.
-------------------------------------------------------------------------------------

It has been reported that monocytes treated with anti-CD31 remained bound to the apical surface of HUVEC monolayers at the intercellular junctions ([@B10]). We therefore examined where the blockage of T cell transmigration by anti-4C8 occurs on the apical surface of IFN-γ--treated HUVEC monolayers. Although numerous T cells migrated across the monolayer into collagen gels below in the presence of control IgG3, the migration was strongly inhibited in the presence of anti-4C8 at 1 μg/ml (Fig. [6](#F6){ref-type="fig"}). Compared to the controls, T cells that remained on the apical surface of the monolayer increased in number, and most of them appeared to be arrested at the intercellular junctions of HUVECs. Scanning electron microscopy revealed that these T cells were firmly attached and flattened on the EC surface, with pseudopods extending into the junction (Fig. [7](#F7){ref-type="fig"}).

Anti-4C8 mAb Impregnated into Collagen Gels Predominantly Stimulates Chemokinetic Migration of CD26^hi^ T Cells.
----------------------------------------------------------------------------------------------------------------

Activation of cell motility is a critical event in the transmigration process of T cells through the EC junctions. If the 4C8 antigen plays an essential role in the process, stimulation of T cells via the antigen should promote cell motility and migration. To examine this hypothesis, we used collagen gels in which anti-4C8 had been impregnated to substitute for the 4C8 ligand. The impregnated anti-4C8 IgG increased T cell migration in a dose-dependent manner, whereas anti-4C8 Fab fragments, as well as control IgG3 and anti-CD11a, had no such effect (Table [I](#TI){ref-type="table"}). In the checkerboard analysis, when soluble anti-4C8 was directly added to T cells above plain gels, migration was significantly enhanced only at the high dose of 10 μg/ml but not at doses ≤1 μg/ml. When the dose of the antibody was the same above and in the gels, the degree of migration was almost equivalent to that induced by anti-4C8 impregnated in the gels, irrespective of the presence of a gradient. Thus, stimulation via the 4C8 antigen appeared to induce migration with increased random motility resembling chemokinesis but not chemotaxis. In our transmigration assay system using HUVEC monolayers, most T cells that do not adhere to HUVECs express low CD26 (CD26^lo^), whereas adherent (but not migrating) cells are predominantly CD26^−^ and migrating cells are CD26^hi^ (Fig. [8](#F8){ref-type="fig"} A). If the 4C8 antigen is involved in the transmigration, its chemokinetic action should result in migration of CD26^hi^ cells. We therefore examined whether anti-4C8 stimulation actually causes selective migration of CD26^hi^ cells. After T cells were incubated for 5 h on collagen gels, with or without impregnated anti-4C8 (10 μg/ml), cells that migrated were isolated and analyzed for CD26 expression. The CD26 profiles of migrated T cells with or without anti-4C8 were different from profiles of the initial T cells (Fig. [8](#F8){ref-type="fig"} B). The proportion of CD26^−^ cells increased among cells that had spontaneously migrated without anti-4C8, whereas the proportion of CD26^hi^ cells substantially increased among cells that migrated after stimulation with anti-4C8. The CD26 profile of cells that migrated in response to anti-4C8 stimulation was similar to the profile of cells that migrated through HUVEC monolayers.

Anti-4C8 Stimulation Induces Formation of Pseudopods Rich in F-actin and Increases F-actin Content in CD26^hi^ T Cells.
-----------------------------------------------------------------------------------------------------------------------

Polarization of F-actin content and changes in cell shape are essential events in cell movement ([@B23]--[@B25]). Therefore, these changes should occur selectively in CD26^hi^ cells with cell movement induced by anti-4C8. When T cells were incubated for 1 h on the substrate with immobilized anti-4C8, the majority of T cells attached by the mAb displayed cell flattening and irregularities in cell shape. With fluorescence microscopy using TRITC-conjugated phalloidin staining, ∼15% of the cells revealed extreme cell polarization with lamellipodia or filopodia rich in F-actin, whereas with immobilized control IgG3, almost all T cells maintained spherical morphologies (Fig. [9](#F9){ref-type="fig"}). We determined whether the anti-4C8--induced increase in F-actin content is characteristic of CD26^hi^ T cells. After stimulation for 3 h with antibodies in solution, T cells were fixed and double-stained with FITC-conjugated phalloidin and rhodamine-conjugated anti-CD26 mAb. Flow cytometry revealed that a definite increase in F-actin content was induced in CD26^hi^ cells, and to a lesser extent in CD26^lo^ cells, by 10 μg/ml of anti-4C8 but not by control IgG3 at the same dose (Fig. [10](#F10){ref-type="fig"}). The small increase of F-actin in CD26^lo^ cells was consistent with the observation that anti-4C8 stimulation also induced minimal migration of CD26^lo^ cells as described above. However, 1 μg/ml of anti-4C8, which strongly blocked transmigration, had no such effect on CD26^hi^ cells. These data suggest that signaling via the 4C8 antigen induces an increase in F-actin content and morphologic polarization most strongly in CD26^hi^ T cells, resulting in activated motility and migration of the subset.

G proteins Are Involved in Postadhesive T Cell Transmigration and Migration Induced by Anti-4C8 Impregnated in Collagen Gels.
-----------------------------------------------------------------------------------------------------------------------------

In general, chemoattractant receptor signaling is G protein linked and can be inhibited by PT ([@B26], [@B27]). G proteins may mediate the signal via the 4C8 antigen, as anti-4C8 stimulation induced chemokinetic migration into collagen gels. Finally, we determined that PT-sensitive G proteins are involved in T cell migration, as well as adhesion and transmigration with IFN-γ--stimulated HUVEC monolayers. The anti-4C8--induced migration and the transendothelial migration were strongly inhibited by PT pretreatment of T cells (Fig. [11](#F11){ref-type="fig"}). In contrast, spontaneous T cell migration and adhesion to the monolayers were insensitive to PT. The inhibitory effect of PT suggests that both anti-4C8--induced chemokinetic migration and transendothelial migration are mediated by signaling pathways that include G proteins.

Discussion
==========

In our culture system, a restricted subset, ∼6%, of the added T cells migrate through resting HUVEC monolayers. However, the migrating subset mainly consists of CD26^hi^ cells, despite adhesion of both CD26^−^ and CD26^hi^ cells to the HUVECs (16; Fig. [8](#F8){ref-type="fig"} A). This strongly suggests that there are molecules (distinct from those mediating adhesion) that selectively stimulate the motility of CD26^hi^ cells, causing them to move toward the subendothelial space. The present data indicate that the antigen recognized by anti-4C8 mAb is one of the molecules, due to the following lines of evidence: first, anti-4C8 blocked postadhesive transmigration of T cells without interfering with adhesion and cell motility; second, anti-4C8 impregnated in collagen gels induced chemokinetic migration of T cells, predominantly CD26^hi^ cells; and third, anti-4C8 stimulation induced formation of large pseudopods rich in F-actin and increased F-actin content selectively in CD26^hi^ cells. These results suggest that the cellular interaction via the 4C8 antigen between T cells and HUVECs predominantly stimulates cell motility and transmigration of CD26^hi^ cells.

Previous studies by others have suggested the possibility that adhesion molecules, such as integrins or ICAMs, participate in transendothelial migration of adherent lymphocytes ([@B28]--[@B31]). For example, ICAM-2 peptide or cross-linking of LFA-1 (CD11a/CD18) receptors induces migration of NK cells and actin polymerization ([@B28]). In the present study, we have shown that anti-CD11a mAb blocked T cell transmigration. However, this blockage is due to the inhibitory effect of anti-CD11a on T cell adhesion, because the mAb did not inhibit subsequent transmigration of T cells after tight adhesion to HUVEC monolayers (Fig. [4](#F4){ref-type="fig"}). Based on this finding, although stimulation of LFA-1 may be capable of triggering cell locomotion, the molecule seems unlikely to directly mediate T cell transmigration in our system. This conclusion is in line with a recent report showing that activated T cells can not migrate through ICAM-1--transfected monolayers in the absence of a chemotactic gradient ([@B8]). The authors speculated that the diffuse distribution of ICAM-1 on the apical cell surface may not support directed locomotion of T cells across the monolayers. In this regard, the concentrated distribution of CD31 at the EC junctions may be an appropriate stimulus for transmigration of leukocytes, as it has been reported that pretreatment of the EC junctions with anti-CD31 blocks transmigration of monocytes ([@B10]). A hypothesis is now proposed that homophilic interactions of leukocyte and EC CD31 mediate transmigration of adherent leukocytes, including T cells, monocytes, neutrophils, and NK cells ([@B3], [@B8]--[@B13]). However, it should be noted that CD31^+^ T cells display a naive phenotype characterized by CD45RA^+^ expression, whereas a majority of T cells that migrate through HUVEC monolayers express a memory type phenotype characterized by CD45RO^+^ expression ([@B15]--[@B18]). Indeed, CD31^−^CD45RO^+^ cells have been shown to be the predominant transmigrated cells (15, 18, and our unpublished data). Thus, CD31 appears not to be required for transmigration of memory T cells across HUVEC monolayers.

Soluble anti-4C8 inhibited T cell transmigration up to 90% at a dose as low as 1 μg/ml. In contrast, it also promoted cell migration into collagen gels when impregnated in the gels at doses from 1 to 10 μg/ml or when used in solution at 10 μg/ml (Table [I](#TI){ref-type="table"}). Since Fab fragments of anti-4C8 did not stimulate migration into collagen gels, it seems likely that anti-4C8, at the high dose of 10 μg/ml, cross-links the 4C8 antigen existing on T cells at high density and generates a signal to increase F-actin content, consequently activating cell movement. Thus, the blockage of transmigration might be due to random movement stimulated by anti-4C8, which is sufficient to overcome the force to transmigrate generated on HUVEC monolayers. However, soluble anti-4C8 at 1 μg/ml affected neither F-actin content in T cells nor the spontaneous and chemotactic motility of resting and activated T cells. Rather, these findings suggest that anti-4C8 at the low dose blocked the cellular interaction through the 4C8 antigen (which mediates T cell transmigration) between T cells and HUVEC monolayers without cross-linking of the antigen. Complete inhibition of postadhesive transmigration by Fab fragments strongly supports this notion. Microscopic observations imply that the interaction occurs at the EC junction and that the 4C8 ligand might be concentrated in the junctions like endothelial CD31. More studies are needed to elucidate the existence and the nature of the ligand.

CD26^hi^ T cells actively transmigrate, but CD26^−^ T cells remain adherent to HUVEC. This finding strongly suggests that additional cytoskeletal changes should occur to support active cell movement of adherent CD26^hi^ cells, but not CD26^−^ cells, directed toward the subendothelial space. To migrate, cells must acquire the redistribution of actin-based cytoskeleton from symmetry around the cell rim to concentration in a particular region, followed by morphological polarization characterized by extension of lamellipodia and filopodia (23, 24, and 32). Interestingly, anti-4C8 caused these changes in resting T cells under culture conditions in which the mAb can stimulate T cells. Solid-phase-- immobilized anti-4C8 induced changes in cell shape, including extreme morphological polarization and formation of lamellipodia or filopodia rich in F-actin (Fig. [9](#F9){ref-type="fig"}). When impregnated in collagen gels, anti-4C8 promotes migration of T cells into the gels. The checkerboard analysis suggests that although a gradient is established with the mAb, the migration appears to depend upon the concentration of the antibody itself but not the gradient. Moreover, these effects were observed preferentially in CD26^hi^ cells (Figs. [8](#F8){ref-type="fig"} and [10](#F10){ref-type="fig"}). The 4C8 antigen thus appears to transduce a signal preferentially in CD26^hi^ cells for cell polarization, with protrusion of the membrane that is tightly coupled to polymerization of F-actin. A similar cellular polarization induced by mAbs other than anti-4C8 has been reported with use of T lymphoblasts ([@B33]--[@B36]). Those reports showed that, similar to chemokines, engagement of ICAM-3 or CD43 with specific mAbs activates the integrin-mediated adhesion and causes the development of a cytoplasmic projection at the tailing edge, termed the uropod, and also induces the redistribution of ICAM-1, -3, CD43, and CD44 to the uropod. These morphological and functional changes may contribute to lymphocyte locomotion and recruitment. However, the 4C8 antigen is definitely distinct from ICAM-3 and CD43 in structural characteristics and tissue distribution. Whether the cellular events caused by anti-4C8 are similar to those caused by anti-ICAM-3 and anti-CD43 mAbs remains to be studied.

It is unclear why CD26^hi^ T cells are preferentially stimulated by anti-4C8, despite the intense expression of the 4C8 antigen on all CD3^+^ T cells. CD26 is a widely distributed cell surface glycoprotein of 110 kD with multiple functions ([@B37], [@B38]). On human T cells, its expression is preferentially restricted to the CD4^+^ memory subset and strongly upregulated following cell activation. Recent studies indicate that CD26 has dipeptidyl--peptidase IV activity, is not only a functional receptor for collagen but also a receptor for adenosine deaminase, and acts as a costimulatory molecule for T cell activation. More recently, the chemokine RANTES (regulated on activation, normal T cell expressed and secreted) has been shown to be a natural substrate for CD26 ([@B39], [@B40]). These findings suggest that CD26 plays an important role in immune system events such as T cell activation and migration. However, two different anti-CD26 mAbs failed to inhibit T cell transmigration (our unpublished data), suggesting that CD26 is not directly involved in the transmigration process. The avidity of LFA-1 for ICAM-1 is enhanced by a conformational change in the integrin upon activation ([@B41]). Similarly, the activation state of T cells as related to CD26 expression might regulate the affinity of the 4C8 antigen.

We have shown that PT pretreatment of T cells inhibited both anti-4C8--induced chemokinetic migration and postadhesive transmigration. Thus, both of these types of cell motility are mediated via PT-sensitive, G protein--coupled pathways. This is consistent with the idea that the 4C8 antigen is involved in the process of transmigration after adhesion of T cells. The result also raises the question of whether the 4C8 antigen belongs to the chemokine receptor family, because chemoattractant signaling is generally mediated by G proteins and inhibited by PT ([@B26], [@B27]). CC chemokines have been shown to attract a subset of CD26^hi^ CD45RO^+^ T cells ([@B42]--[@B44]). More recently, it has been reported that transendothelial migration can be triggered by an agonistic mAb against the CC chemokine receptor 2 (CCR2) via a PT-sensitive signaling pathway ([@B45]). Therefore, the 4C8 antigen might be a receptor for these chemokines. However, the 4C8 appears to be different from chemokine receptors identified to date in the following ways: the molecular mass of the 4C8 antigen is 80 kD, whereas the molecular mass of a chemokine receptor was estimated to be ∼35 kD ([@B45], [@B46]); in contrast to the 4C8 antigen, chemokine receptor levels on T cells are generally much lower than those on neutrophils and eosinophils ([@B43], [@B47]); and the CCR2 expression is low on the CD26^hi^ T cells and undetectable on other T cells. Moreover, a novel membrane-bound chemokine with a CX~3~C motif that was recently identified has potent adhesive and chemoattractant activity for unstimulated lymphocytes, particularly CD16^+^ NK cells ([@B48], [@B49]). The chemokine is induced on activated endothelial cells and thus presumed to regulate leukocyte trafficking. However, its receptor is expressed on only a small population (up to 14%) of CD3^+^ T cells ([@B49]). Thus, although chemokine receptors and the 4C8 antigen show functional similarities, they appear to be different molecules based on the differences described above. To our knowledge, the 4C8 antigen is a previously unknown molecule. Gene cloning and identification will define the structural nature of this molecule in the near future.

Finally, we propose herein a hypothesis that the interaction via the 4C8 antigen between a T cell and a HUVEC transduces a signal to stimulate crawling locomotion of CD26^hi^ cells with profound changes in cell morphology and cytoskeletal assembly, resulting in preferential migration of this T cell subset.
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DFP

:   diisopropyl fluorophosphate

EC

:   endothelial cell

ECGS

:   EC growth supplement

F-actin

:   filamentous actin

HUVEC

:   human umbilical vein EC

ICAM-1

:   intercellular adhesion molecule-1

MCP-1

:   monocyte chemoattractant protein-1

PECAM-1

:   platelet--endothelial cell adhesion molecule-1

PT

:   pertussis toxin

![Immunofluorescence profiles of the 4C8 antigen on human PBLs and HUVECs. PBMC and neutrophils from a healthy donor were stained with FITC-conjugated anti-4C8 and phycoerythrin-Cy5--conjugated anti-CD3 mAb or control FITC-conjugated IgG3. The stained leukocytes as well as HUVECs (10,000 cells) were analyzed by a FACScan^®^ (Becton Dickinson) flow cytometer with gating on the lymphocyte, monocyte, and neutrophil populations.](JEM980505.f1){#F1}

![Western blot analysis of the 4C8 antigen. SDS--gel electrophoresis of lysates from PBMC and neutrophils (5.5 × 10^6^ cells/lane) was performed under reducing conditions. DFP, a serine protease inhibitor, was used to prevent proteolytic activity in the neutrophil lysates. Control Ab was purified mouse IgG3 of the same isotype as anti-4C8. See Materials and Methods for details.](JEM980505.f2){#F2}

###### 

Anti-4C8 mAb inhibits T cell migration through, but not adhesion to, HUVEC monolayers. Freshly isolated CD3^+^ T cells were incubated with unstimulated and IFN-γ--stimulated (500 U/ml, 48 h) HUVEC monolayers cultured on collagen gels in the continuous presence of anti-4C8 (1 μg/ml), anti-CD11a (10 μg/ml), or control IgG3 (10 μg/ml). The numbers of adherent cells and migrated cells were determined as described in Materials and Methods. Results of T cell adhesion (A) and migration (B) are expressed as the adhesion and the migration index, respectively, and represent the mean ± SD of five independent experiments. The index (%) is calculated as follows: the number of adherent or migrated T cells with antibody/the number of adherent or migrated T cells without antibody × 100. The numbers of the background adhesion and migration with unstimulated HUVEC are 376 ± 84 and 131 ± 4, respectively.

![](JEM980505.f3b)

![](JEM980505.f3a)

![Anti-4C8 mAb inhibits postadhesive transmigration of T cells. T cells were incubated for 1 h with IFN-γ--stimulated HUVEC monolayers. After nonadherent T cells were washed out, the cultures were further incubated with anti-4C8 IgG (1 μg/ml), anti-4C8 Fab fragments (3 and 10 μg/ml), anti-CD11a (10 μg/ml), or control IgG3 (10 μg/ml). Results are expressed as the migration index calculated as described in the Fig. [3](#F3){ref-type="fig"} legend and represent the mean ± SD of four independent experiments.](JEM980505.f4){#F4}

###### 

Anti-4C8 mAb has no effect on spontaneous or chemotactic migration of resting or activated T cells into collagen gels. Resting and activated T cells were prepared by incubation for 2 d without stimuli and for 6 d on anti-CD3--coated dishes with IL-2, respectively. The cells were placed on collagen gels with or without 100 ng/ml of impregnated MCP-1 in 96-multiwell plates and incubated for 1.5--2 h in the presence or absence of 1 μg/ml of anti-4C8 in medium. After incubation, T cells that had migrated into the gels were counted. Results are expressed as the migration index (calculated as described in the Fig. [3](#F3){ref-type="fig"} legend), and represent the mean ± SD of three independent experiments. Gray bar, Nil; black bar, +Anti-4C8.
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![Anti-4C8 mAb inhibits T cell transmigration at the intercellular junctions of HUVECs. T cells were incubated on IFN-γ--stimulated (500 U/ml, 48 h) HUVEC monolayers cultured on collagen gels in the presence of anti-4C8 (1 μg/ml; B and D) or control IgG3 (1 μg/ml; A and C). After 4 h, monolayers were washed to remove nonadherent cells and fixed with 1% paraformaldehyde in PBS or further treated with 0.4% EDTA to remove monolayers from the surface of collagen gels. Cells were photographed under a phase--contrast microscope (×100). In the control Ab sample, although a number of T cells still adhered to the apical surface of the HUVEC monolayer (A), numerous cells that migrated into the collagen gel below could be seen (C). However, in the anti-4C8-- treated sample, migration was strongly inhibited (D), whereas the number of adherent cells was increased (B) compared to the control. Most adherent cells appear to be arrested at the EC junctions (B). The black arrows indicate these T cells.](JEM980505.f6){#F6}

![Anti-4C8 mAb blocks transmigration of T cells at the junctional level. T cells were incubated for 4 h on an IFN-γ--stimulated HUVEC monolayer in the presence of anti-4C8 (1 μg/ml). The culture was washed, fixed, and prepared for scanning electron microscopy. Tightly adherent cells extending pseudopods into the junction could be seen. Bar, 5 μm.](JEM980505.f7){#F7}

###### 

Checkerboard Analysis of Anti-4C8 mAb

  Concentration of antibody in collagen gels (μg/ml)      Concentration of antibody above collagen gels (μg/ml)                                                                                                                                                      
  ---------------------------------------------------- -- ------------------------------------------------------- -- ---------- -- -------------- -- ---------------------------------------------- -- --------- -- --------------------------------------------- -- ---------------------------------------------
                                                                                                                                                                                                                                                                     
  0                                                       100                                                        100           100               100                                               98 ± 14      106 ± 14                                         192 ± 36[\*](#TFI-150){ref-type="table-fn"}
   0.1                                                    ND                                                         ND            ND                 101 ± 5                                          99 ± 13      ND                                               ND
   1.0                                                    103 ± 10                                                   100 ± 9       103 ± 11           140 ± 16                                         ND           161 ± 35[\*](#TFI-150){ref-type="table-fn"}      ND
  10.0                                                    109 ± 10                                                   101 ± 14           103 ± 5       300 ± 73[\*](#TFI-150){ref-type="table-fn"}      ND           ND                                               288 ± 70[\*](#TFI-150){ref-type="table-fn"}

The checkerboard assays were performed by varying concentrations of antibody both in and above collagen gels. Collagen gels were prepared and impregnated with antibodies as described in Materials and Methods. T cells were suspended in media with or without antibodies and placed on the surface of collagen gels. After a 4-h culture, T cells that had migrated into the gels were counted by phase--contrast microscopy. All experiments were performed in triplicate. Results are expressed as percent of migration under control media and represent the mean ± SD of three independent experiments.  

  *P* \< 0.02, compared with control, paired Student\'s *t* test.  

![The profile of CD26 expression on T cells that migrated through HUVEC monolayers (A) and into collagen gels with impregnated anti-4C8 mAb (B). (A) After T cells were incubated for 5 h with resting HUVEC monolayers, unbound, adherent (but not migrating), and migrated T cells were isolated as described in Materials and Methods. (B) T cells were incubated for 5 h on collagen gels with impregnated anti-4C8 (10 μg/ml) or control IgG3 (10 μg/ml). After unbound cells and cells adhering to the apical surface of collagen gels were removed with EDTA treatment, migrated cells were released from the gels by treatment with collagenase. The isolated cells were stained with fluorescein-conjugated anti-CD26 and anti-CD3 mAbs. The CD26 expression of the cells was analyzed by flow cytometry with gating on CD3^+^ cells.](JEM980505.f8){#F8}

###### 

Morphologic changes of T cells and redistribution of F-actin induced by immobilized anti-4C8 mAb. T cells were incubated for 2 h on glass slides precoated with anti-4C8 (10 μg/ml) or control IgG3 (10 μg/ml). After staining with TRITC-conjugated phalloidin, microscopic observation was performed (×1,000). Extreme cell polarization and large pseudopods rich in F-actin were noted with immobilized anti-4C8 (B) but not IgG3 (A).
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![Soluble anti-4C8 mAb augments F-actin content in CD26^hi^ T cells. T cells were incubated for 3 h with anti-4C8 or control IgG3. The cells were fixed, permeabilized, and stained with FITC-conjugated phalloidin and rhodamine-conjugated anti-CD26 mAb. The stained cells were analyzed by a flow cytometer. Increased F-actin content was observed in CD26^hi^ T cells at 10 μg/ml, but not 1 μg/ml, of anti-4C8. The staining shown is representative of three independent experiments.](JEM980505.f10){#F10}

###### 

Inhibitory effect of PT on T cell transmigration through HUVEC monolayers and migration into collagen gels impregnated with anti-4C8 mAb. T cells were pretreated for 1 h with PT (100 ng/ml), washed three times, and cultured for 2 h with IFN-γ--stimulated HUVEC monolayers (A) or for 3 h on collagen gels with or without impregnated anti-4C8 (10 μg/ml; B). Adhesion and migration are expressed as the adhesion and the migration index, respectively. The data are presented as the mean ± SD of three independent experiments.
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